Abstract-The development of sensors that are smaller, lighter weight and require less bandwidth is critical for the success of space-based and airborne imaging systems. One solution to this problem is foveated imaging, wherein a liquid crystal spatial light modulator is used to selectively enhance resolution in a wide field-of-view imaging system. Selective enhancement decreases the bulk and complexity of the optical train, while simultaneously reducing data transmission and processing requirements. This enhancement is done modulo 2π, as such it is inherently a monochromatic correction. In this paper, we propose to overcome that limitation by introducing a switchable polarization interference filter, obtaining near diffraction limited performance over the instantaneous field-of-view (IFOV) at the wavelength(s) of interest.
INTRODUCTION
One of the most difficult tasks for an optical designer of wide field-of-view (FOV) imaging systems is maintaining high image quality across the entire FOV. Complex designs utilizing multiple optics are typically used in fast (i.e. low 1 1 U.S. Government work not protected by U.S. copyright. 2 IEEEAC paper #1114 F/#) systems to minimize off-axis aberrations, but even the best, well-corrected systems have a limited FOV. Because of the multiple optical elements that are required, these systems are often heavier and bulkier than narrower FOV systems. The complexity can be minimized with a slower system but at the expense of either light gathering ability or overall length.
Our solution to this problem is to utilize a liquid crystal reflective spatial light modulator (SLM) to correct the wave front in the pupil plane of a simple optical system with a wide FOV. This correction is only valid for a narrow portion of the entire FOV, the instantaneous field of view (IFOV), but its location can be changed according to the user needs. We have previously demonstrated wave front correction to better than λ/5 for 2 and 3 element systems out to ±30° [1] , [2] , and [3] . The term "foveated" imaging originates from the operation of the human eye, where a limited area within a few degrees of the point of gaze is highly resolved and resolution falls off rapidly with increasing field angle. The limitation of this configuration is that the phase correction is done modulo-2π. This means that the applied phase map is valid at only one wavelength (or narrow range of wavelengths). To overcome this in a manner that is consistent with our program goals (smaller, lighter weight, non-mechanical, wide FOV) we plan to utilize a modified, switch-able polarization interference filter. Our models indicate the result will be near diffraction-limited imaging at any one of three pre-selected center wavelengths. As shown in Figures 2 and 3 , the system creates an image that is well corrected within the IFOV, while peripheral areas are aberrated and appear blurred. The IFOV can be changed dynamically on a millisecond time scale, such that any area within the entire field of view of the system can be highly resolved. The liquid crystal spatial light modulator allows us to correct the off-axis aberrations that would have otherwise limited the useful FOV of our simple imaging system. 
MONO-CHROMATIC FOVEATED IMAGING

Mono-Chromatic Performance
Liquid Crystal Spatial Light Modulator
A pixilated, liquid crystal SLM used in a monochromatic application is the transmissive analogue of a segmented deformable mirror [4] ; it imposes a user-controlled, spatially varying optical path across the wave front. This change in optical path length, called the optical path difference (OPD), is adjusted to compensate wave front aberrations that would otherwise degrade the image. With a deformable mirror, the OPD is adjusted by deflecting the mirror using actuators or electrodes. Thus, the physical path length the light traverses is either increased or decreased depending on whether the mirror surface is pulled or pushed (i.e. OPD = n z Δz, where n z is the index of refraction in the direction of propagation, typically 1.0003 when the mirror is used in air, and Δz is the change in physical path length). With a liquid crystal SLM the OPD is adjusted by changing the index of refraction in each pixel (i.e. OPD = Δn z z), but the physical path length, z, does not change. The index of refraction in the direction of propagation is altered by applying a small voltage to each of the individual pixels in order to reorient the liquid crystal molecules [5] .
The SLM used in our system is 512x512x15 μm and has a peak driving voltage of approximately 5 V. The liquid crystal material has a large difference in refractive index (Δn =.4 @ λ = 632 nm) between the high and low voltage states, enabling a reduced thickness and faster temporal response. The ability of the SLM to correct aberrations depends on the maximum OPD, total number of SLM pixels, and the spectral bandwidth of the system. If the wave front aberration is less than the SLM's maximum OPD, the spectral bandwidth is simply limited by dispersion in the liquid crystal. If, on the other hand, the phase errors of the wave front are greater than the dynamic range of the SLM, correction can still be done modulo 2π [4] . In this case, however, the optical bandwidth of the system is severely limited.
Uncorrected Corrected
Polychromatic Performance
The system was originally designed for a center wavelength of 632 nm, using a static band-pass filter of ±10 nm. To characterize it's polychromatic performance, we replaced the 632 nm band-pass filter with a series of static filters above and below the designed wavelength (in 10 nm increments) and measured it's point spread function (PSF), or spot size, while maintaining the 632 nm phase map. The PSF is representative of the system's ability to map an object point to an image point on the CCD. The results are depicted in Figure 4 , below.
The trend for the measured and predicted PSF's is the same. The discrepancy between them is a result of the fact that the SLM is modeled in an optical ray-tracing program (Zemax) as a pure phase element. It does not take into account diffraction and thus the general broadening above and below the designed wavelength. At the designed wavelength, the two are strongly correlated. The filter at each measured wavelength had a full-width at halfmaximum (FWHM) of 10 nm.
Figure 4 -Point Spread Function vs. Wavelength
Based on this data and subjective image evaluation, we determined that the maximum permissible pass-band at any given channel was λ C ± 12.5 nm.
POLARIZATION INTERFERENCE FILTER
Previous efforts at non-mechanical spectral filtering in an adaptive optical imaging system utilized acousto-optic tunable filters (AOTF) [6] . Wavelength selectivity is accomplished via diffraction from a variable frequency grating. The advantages of such a device are tunability and narrow pass band. Typical disadvantages of AOTF's are large packaging size, small clear aperture, and small acceptance angles.
Active/Passive Polarization Interference Filter
We chose to explore a commercially available (switch-able) polarization interference filter, in conjunction with a custom passive filtering stage, available from ColorLink Inc. This allowed us to greatly reduce packaging constraints and meet FOV requirements. The clear aperture of this device is 35 mm, the total thickness (passive and active stages) is 15 mm, and it accepts F/2.2 or higher.
Both the passive and active stages of the polarization interference filter rely on retarder stack filters (RSF's) between a polarizer and analyzer, an extension of the concepts first described by Lyot (1933) and improved on by Solc (1965). RSF's are fabricated from polycarbonate layers, which are stretched to induce birefringence. This birefringence creates a wavelength dependent OPD between orthogonal polarization states, which can then be recombined to interfere at the output. The number of RSF layers, layer thickness, amount of birefringence, and orientation relative to the polarizer and analyzer dictate the pass-bands. Figure 5 depicts the theoretical passive (dashed) and active pass-bands (colored) of our filter. The active filter adds liquid crystal layers to selectively control the polarization state of each color channel, in effect enabling access to the pass band for that channel, [7] and [8] .
Measured Transmission
The product of the individual (broad) pass bands of the active stage with the (narrow) comb pass bands of the passive stage resulted in the following measured transmission spectra:
Figure 6 -Polarization Interference Filter Transmission
Red: 631 ± 13 nm. Green: 538 ± 9 nm. Blue: 475 ± 5 nm
The main disadvantage of polarization interference filters is the loss of light (50%) from an un-polarized image. Since the liquid crystal SLM already requires polarized light, this was not an added disadvantage for our system. Figure 7 depicts the initial design with the active filter, between the plano-convex lens and the camera. The system specifications are: F/# = 5.5, Effective Focal Length = 27 mm, and FOV = ± 30°. 
MULTI-SPECTRAL FOVEATED IMAGING
Ray Trace Model:
Wavefront Error:
We modeled the SLM in ray tracing software using a grid phase surface. The wave front error for this system at a 30º field point and at each center wavelength (R,G, and B), is shown in Figure 8(a) and (b) . The ordinate is the optical path difference in waves and the abscissa is the normalized pupil radius. The "tangential" plot is a measure of the OPD for the vertical cross-section of the pupil and the "sagittal" plot is likewise for the horizontal cross section. This is the uncorrected error, i.e. no wave front correction is being done with the spatial light modulator. With the SLM on and the correct phase map applied, the wave front error is greatly reduced.
Active Filter
Beam Splitter PlanoConcave
PlanoConvex LC SLM
The residual wave front error after correction, for the same field point (H X = 0º, H Y = -30º field point), and at each center wavelength is shown in Figures 9(a) and (b) . Note the change in scale: These wave front errors are related to the spot size (via the Fourier transform), but are valid only for the center wavelengths. Of immediate concern is how the spot size varies within the pass band (λ C ± Δλ) of each channel.
Spot Size:
The corresponding RMS spot size (predicted by ray tracing) across the FWHM of each spectral channel is shown below in Figures 10(a)-(c) . The Airy Disc diameter for each λ is also plotted for reference. 
CONCLUSIONS
For a majority of the spectral range of each channel the RMS spot size is below the Airy Disc diameter, indicating that the system is limited by diffraction and not the aberrations of the system. In (almost) all cases the spot size is within our detector pixel size of 15 μm.
Active polarization interference filters, when used in conjunction with a liquid crystal SLM, are a viable means to achieve multi-spectral foveated imaging. Based on this analysis we have begun building such a system ( Figure 11 ) and look forward to presenting quantitative results at the conference in March 2006. 
